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Abstract In the presence of MgATP or MgADP the E. coli 
chaperonin proteins, GroEL and GroES, form a stable asymmet- 
ric complex with a stoichiometry of two GroELT:one GroES7: 
seven MgADE The distribution of the ligands between the two 
heptameric GroEL rings is crucial to our understanding of the 
mechanism of chaperonin-assisted folding, being either cis (i.e. 
[GroELT-MgADPT.GroEST]-[GroELv] ) or trans (i.e. [GroELT- 
MgADP7I-IGroELT" GroES7]. On the basis of cross-linking ex- 
periments with 8-azido-ATP and the heterobifunctional reagent, 
N-succinimidyl 3-(2-pyridyldithio) propionate (SPDP), it was 
suggested that GroES and MgADP are bound to the same 
GroEL ring which resists proteinase K digestion INature 366 
(1993) 228--2331. However, we find that the SPDP-promoted 
cross linking of GroES and GroEL occurs in the absence of Mg 2+, 
ADP or ATP, which are required for the formation of the asym- 
metric complex. Cross-linking is shown to occur only when the 
SPDP-modified GroES is co-precipitated with GroEL by trichlo- 
racetic acid. Furthermore, there are structural grounds for ques- 
tioning whether SPDP can crosslink, in a physiologically relevant 
manner, an amino group of GroES with any of the cysteinyl 
groups of GroEL. 
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I. Introduction 
The E. coli chaperonin proteins GroEL and GroES form 
asymmetric and symmetric complexes in the presence of 
MgADP or MgATP [1-7]. GroEL consists of two rings of seven 
subunits each [8] while GroES is a single ring of 7 subunits [9]. 
The asymmetric complex is particularly stable, consisting of a 
double-ringed [GroEL7]-[GroEL7] particle to which a single 
ring of GroES 7 and seven molecules of MgADP are tightly 
bound [10,11]. There may be additional Mg 2+ ions, but their 
role is not understood at present [12]. The bound ligands 
GroES7 and MgADP only slowly exchange (tl/2 ~ 5 h), although 
a single round of ATP hydrolysis at the seven remaining 
active sites on GroEL is sufficient o discharge both ligands 
[131. 
A question pertinent o the mechanism of chaperonin as- 
sisted folding concerns the distribution of ligands in the asym- 
metric complex. Although more complex distributions involv- 
ing nucleotide binding to seven sites on both rings of GroEL 
have not yet been formally ruled out, a more likely scenario is 
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that all seven MgADP are tightly bound to the same GroEL 
ring. Positively cooperative interactions between the subunits 
of one ring and negatively cooperative interactions between the 
two rings would favor the latter [14]. Given this asymmetric 
distribution of the nucleotide, it follows that the single GroES 
ring in the asymmetric complex either binds cis, 
[GroEL7" MgADP7'GroES7] -[GroEL7] (i.e. to the same ring to 
which the MgADP is bound) or trans, [GroELy.MgADPv]- 
[GroEL7"GroES7] (i.e. to the distal GroEL ring). 
Recently Martin et al. [15] reported experiments (Figures 3 
and 4 of their paper) which purport to resolve this issue in 
favour of the eis configuration. Their conclusion is based on 
specifically cross-linking the ligands, GroES and 8-azido-ADP 
to one of the two rings of GroEL. Digestion of the asymmetric 
complex by proteinase K is believed to clip 16 amino acids from 
the C-terminus of the GroEL subunits from one or other of the 
two rings [2,15], and can thus be used to distinguish one GroEL 
ring from the other. Martin et al. [15] reported that both 
crosslinked ligands are bound to the GroEL ring which does 
not undergo digestion with proteinase K and that, conse- 
quently, the ligands are distributed in the cis configuration. In 
order to crosslink 3H-labeled GroES to GroEL in the asymmet- 
ric complex, use was made of the heterobifunctional reagent, 
N-succinimidyl 3-(2-pyridyldithio)propionate (SPDP). This re- 
agent might be expected to cross link one or more amino groups 
of GroES, which has no cysteinyl residues, with one (or more) 
of the three cysteinyl residues of GroEL, if the reactive amino 
group(s) on GroES come close enough to the cysteines of 
GroEL in the asymmetric complex. For reasons given below, 
we believe that the SPDP crosslinking experiment is flawed and 
that the distribution of the ligands in the asymmetric complex 
remains unresolved. 
2. Experimental 
GroEL and GroES were purified by methods that have been de- 
scribed elsewhere [10,11,16]. 3H-GroES was prepared in Rehovot by 
reductive methylation as previously described [14]. Radiochemically- 
pure [3SS]GroES was prepared in Wilmington by metabolic labelling 
as previously described [13]. SPDP was obtained from Pierce Chem. 
Co. (Rockford, Illinois). Other details are described in the figure 
legends. 
3. Results and discussion 
Structural considerations prompted us to re-examine the 
SPDP-promoted crosslinking of GroES to GroEL. This analy- 
sis was conducted independently in Rehovot by ASG and ESB 
and in Wilmington by MJT and GHL. When following the 
procedures described by Martin et al. [15], we also observe the 
formation of a novel species (Mr~70 kDa), as a result of SPDP- 
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Fig. 1. Conditions for crosslinking (A) [3H]- and (B) [35S]GroES to GroEL. Positions of the 70 kDa cross-linked species, labeled GroES and molecular 
mass markers (in kDa) are indicated. The procedures and concentrations of the components and buffers are identical to that published in ref. [15], 
except 5 mM iodoacetamide was replaced by N-ethylmaleimide (NEM) which can also be used to alkylate the thiol groups of GroEL [18] (Fig. 1A). 
Some experiments (e.g. Fig. 1 B) were carried out with iodoacetamide. After treatment with SPDP followed by glycine quench, the radiolabeled GroES 
was incubated with GroEL in the presence of different additions as indicated below. Then, each sample was divided in two aliquots. One was 
precipitated with TCA, the pellet was dissolved in SDS-sample buffer containing NEM or iodoacetamide and analyzed by non-reducing SDS-PAGE 
as in [15]. The other aliquot was treated with alkylating reagent, mixed with SDS-sample buffer and loaded directly on to the gel. 
crosslinking, using either chemically modified [15] (Fig. 1A) or 
metabolically abeled GroES (Fig. 1B). The same species could 
also be detected by Western blotting using unlabeled GroES 
(ASG and ESB0 unpublished data). In the case of the 35S- 
labeled GroES, an additional cross-linked species at approxi- 
mately 190 kDa was observed (Fig. 1B). This presumably con- 
tains two or more GroEL subunits. The appearance of cross 
linked species did not depend upon the presence of ADP, ATP 
or Mg 2+ ions, components which are absolutely essential for the 
formation of the asymmetric complex. We therefore xamined 
the experimental protocol more closely. 
The procedure of  Martin et al. [15] included precipitation of 
the proteins with trichloracetic acid prior to SDS-PAGE. In 
their original description of SPDP, Carlsson et al. [17] noted 
that, in contrast o aliphatic disulphides, 2-pyridyl disulphides 
increase their electrophilicity at acidic pH, due to protonation 
of the ring nitrogen atom (pK 2-3). Thus, crosslinking via 
thiol-disulfide xchange, can be expected to occur under acidic 
conditions. Accordingly, we excluded precipitation with 
trichloracetic acid from the protocol and loaded the samples 
(mixed with SDS lacking fl-mercaptoethanol) directly on to the 
SDS-PAGE gel. Under such conditions, no crosslinked species 
were observed. The trichloracetic acid-dependent formation of 
the 70 kDa cross-linked species, required the presence of only 
GroEL and SPDP-modified GroES (Fig. 1). Since the 70 kDa 
product did not form under conditions of specific GroEL- 
GroES interaction, we conclude that its formation is the result 
of non-specific rosslinking which only occurs at acidic pH, 
after denaturation with trichloracetic acid. 
Recent crystallographic analysis of GroEL has defined the 
positions of the three cysteinyl residues C138, C458 and C519 
[8]. C458 and C519 are located in the equatorial domain, while 
C138 is located in the loop connecting the last N-terminal 
s-helix of the equatorial domain with the first N-terminal ~- 
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Fig. 2. (A) A Ca-tracing of GroEL showing the location of the three 
cysteinyl residues within (or in the case of C138, very close to) the 
equatorial domain. (Courtesy of Kerstin Braig, Yale University). 
helix of the intermediary domain (Fig. 2) [8]. Electron micros- 
copy shows that, in forming the asymmetric complex, the apical 
domain of GroEL undergoes a substantial outward re-orienta- 
tion by as much as 60 °, with the GroES being positioned atop 
the apical domain at a distance of some 50-60/~ from the upper 
surface of the equatorial domain (Fig. 3) [24]. The available 
evidence suggests that the gross structural re-arrangement is 
limited to the apical domain, with perhaps ome more modest, 
hinge-like movement of the intermediate domain. It would 
therefore seem improbable that a hetero-bifunctional cross- 
linker such as SPDE which can span a distance of 6.8/k, could 
cross-link an amino group on GroES with a cysteinyl group on 
GroEL at least 50/k distant, as the Martin et al. [15] result 
implies. 
In conclusion, the SPDP-promoted crosslinking of GroEL 
and GroES is an artefact of trichloracetic acid precipitation. 
Consequently, the distribution of ligands in the asymmetric 
complex, whether cis or trans, remains unresolved. 
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